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J wave syndromes were first defined by Yan *et al*. in a Chinese journal in 2004\[[@ref1]\] and has gained worldwide recognition in the past decade.\[[@ref2][@ref3][@ref4]\] J wave syndromes are a spectrum of variable phenotypes characterized by the appearance of prominent electrocardiographic J waves (or Osborn waves) with a risk of ventricular fibrillation (VF), including the inherited Brugada syndrome (BrS), traditional early repolarization syndrome (ERS), idiopathic ventricular fibrillation (IVF) with J wave in inferior leads as well as acquired arrhythmias linked to the acute ST-segment elevation myocardial infarction (MI) and hypothermia. Although they may bear differences with regard to the electrocardiogram (ECG) lead location, amplitude, and underlying causes of J wave, these disease entities share a similar ionic and cellular basis, risk factors, and similar clinical outcomes. In this review, we aim to provide a brief history of J wave syndromes, summarize a decade of their research progress in molecular, ionic, cellular mechanisms, and clinical features. We will also discuss the existing debates pertaining to J wave syndromes.
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J wave is a positive deflection immediately following the QRS complex of the surface ECG or be in part buried inside of the QRS as notching or slurring.\[[@ref3][@ref5]\] J wave may be accompanied by an ST segment elevation, an electrocardiographic feature that is, traditionally referred to as an early repolarization (ER) pattern.\[[@ref6][@ref7][@ref8]\]

J wave or elevated J point was demonstrated as early as in the last century. J wave (QRS slurring or notching) was first reported in an experimental model of hypercalcemia,\[[@ref9]\] followed by hypothermia-induced J waves in an accidentally frozen man by Tomaszewski, who described the wave as a very slowly inscribed deflection between the QRS complex and the ST segment of the ECG.\[[@ref10]\] Shipley and Hallaran described J wave in healthy young individuals shortly afterward.\[[@ref11]\] J wave was later named as Osborn wave after being highlighted by a landmark study in which Osborn described hypothermia-induced J wave in hypothermic dogs and its accentuation prior to VF.\[[@ref12]\] Over the past decades, J waves have been increasingly recognized in subjects with central nervous system disorders,\[[@ref13]\] clinical hypercalcemia,\[[@ref14]\] BrS,\[[@ref15][@ref16]\] IVF,\[[@ref17][@ref18]\] and myocardial ischemia.\[[@ref19][@ref20]\] Especially, J wave has gained a great deal of attention after determining it as a sign of a substrate capable of generating fatal ventricular arrhythmias.

Underlying ionic and cellular basis of I~to~-mediated J wave was elucidated in the days when the arterially perfused ventricular wedge preparation was first developed in 1996.\[[@ref16]\] The action potential (AP) of human ventricular myocytes can be divided into 5 distinct phases (phases 0--4). Activation of inward Na^+^ current triggers a rapid depolarization (phase 0).\[[@ref21]\] Phase 1 proceeds rapidly, lasts a few milliseconds and is followed by phase 2. During phase 3 of the AP, the L-type Ca^2+^ channels close, while the slow delayed rectifier K^+^ channels are still open, allowing more K^+^ channels to open, causing the cell to repolarize. The third phase of repolarization terminates the AP and returns the membrane potential to phase 4.\[[@ref21][@ref22]\] I~to~ is the main current contributing to the repolarizing phase 1 of the AP.\[[@ref23]\] It is a result of the movement of K^+^ ions from the intracellular to the extracellular space.\[[@ref23]\] I~to~ is rapidly activated and deactivated.\[[@ref24]\] It is activated after the fast increase of the membrane potential following the phase 0 of the AP.\[[@ref23]\] Once activated, the outward flow of (K^+^) ions from inside the cells constitutes I~to~ and causes the transmembrane potential to decrease. This decrease of the transmembrane potential is known as repolarization. I~to~ is then quickly deactivated, stopping the repolarization and ending the phase 1 of the AP.\[[@ref23][@ref24]\] A distinct AP notch mediated by I~to~ in epicardium, rather than endocardium, produces a transmural voltage gradient during early ventricular repolarization that is, contributory to registration of J waves on the ECG. Several lines of evidence determined the higher density of I~to~ in the epicardium compared to the midmyocardial (M) region and significantly greater than the endocardial region of canine ventricle. Similar results were obtained in subepicardial and subendocardial myocytes from human ventricles.\[[@ref25][@ref26]\] Factors that affect the gating properties of I~to~ or ventricular activation sequence can modify the appearance of the J waves \[[Figure 1](#F1){ref-type="fig"}\]. For example, because of its slow recovery from inactivation, I~to~ is reduced following faster heart rate, resulting in a decrease in the amplitude of the J waves.

![The sequence of ventricular activation impacts the appearance of J wave in a pseudo-electrocardiogram recorded from coronary-perfused canine right ventricular wedge preparation. (a) Stimulation of the endocardial (Endo) surface causes the epicardial (Epi) surface to be activated last; (b) stimulation of the epicardial surface activates it before the endocardial surface; (c) endocardial activation at different locations can cause the J wave to occur at the end of the QRS, manifesting as slurred (left panel) or notched (right panel) QRS.](CMJ-128-969-g001){#F1}
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Historically, traditional ERS (i.e., concave ST segment elevation with or without J wave in lateral precordial leads), BrS, some cases of IVF that are linked to J wave in inferior leads were considered as different ECG or disease entities. Increasing basic and clinical evidences in the past decade supports our initial proposal a decade ago that it is appropriate to group these syndromes and entities under the heading of J wave syndromes because of their similarity in ECG characteristics, clinical outcomes, risk factors, a common arrhythmic platform associated with amplification of I~to~-mediated J waves \[[Table 1](#T1){ref-type="table"}\]. For example, the clinical and ECG characteristics of these syndromes can co-exist in an individual or among members of the same family.\[[@ref27][@ref28][@ref29]\] Qi *et al*. reported a young Chinese man with recurrent VF who had distinct J waves and ST segment elevation in almost all ECG leads, showing the ECG attributes of all of these syndromes \[[Figure 2](#F2){ref-type="fig"}\].\[[@ref27][@ref28]\] Furthermore, in a family observed by Matsuo *et al*., one individual with recurrent syncope and inducible VF showed J wave in the inferior leads; whereas his brother displayed a typical Brugada-like ECG features with ST-segment elevation in the right precordial leads.\[[@ref29]\] In addition, some genetic overlap among these syndromes is also existing. For example, the mutations in SCN5A are linked to ST-segment elevation in the inferior leads as well as in BrS.\[[@ref5][@ref30][@ref31][@ref32]\]

###### 

J wave syndromes

  Characteristics                      Inherited                         Acquired                                                                                                                                                                                         
  ------------------------------------ --------------------------------- ------------------------- --------------------------- -------------------------------------------------------------------------------------------------------------- --------------------------- ---------------------------
  Average age of first event                                                                       35 years                                                                                                                                   30--40 years                
  Anatomic location                    Anterolateral left ventricle      Inferior left ventricle   Left and right ventricles   Right ventricle                                                                                                Left and right ventricles   Left and right ventricles
  Leads displaying J point/J wave      I, V4-6                           II, III, aVF              Global                      V1-3                                                                                                           Any of 12 leads             Any of 12 leads
  Response of J wave/ST elevation to                                                                                                                                                                                                                                      
   Bradycardia or pause                ↑                                 ↑                         ↑                           ↑                                                                                                              NA                          NA
   Na-channel blockers                 ↓ →                               ↓ →                       ↓ →                         ↑                                                                                                              NA                          NA
  Male predominance                    75%                                                                                     80%                                                                                                                                        
   Sex dominance                       Male                              Male                      Male                        Male                                                                                                           Male                        Either
   VT/VF                               Rare common in healthy athletes   Yes                       Yes, electrical storms      Yes                                                                                                            Yes                         Yes
  Response to quinidine                                                                                                                                                                                                                       Limited data                
   J wave/ST elevation                 ↓                                 ↓                         ↓                           ↓                                                                                                                                          
   VT/VF                               ↓                                 ↓                         ↓                           ↓                                                                                                                                          ↓
  Response to isoproterenol                                                                        Limited data                                                                                                                               NA                          NA
   J wave/ST elevation                 ↓                                 ↓                                                     ↓                                                                                                                                          
   VT/VF                               ↓                                 ↓                                                     ↓                                                                                                                                          
   Gene mutations                      CACNA1C, CACNB2B                  KCNJ8, CACNA1C, CACNB2B   CACNA1C                     SCN5A, CACNA1C, CACNB2B, GPD1L, SCN1B, KCNE3, SCN3B, KCNJ8, CACNA2D1, KCND3, MOG1, ABCC9, HCN4, KCNH2, KCNE5   SCN5A                       NA

ERS: Early repolarization syndrome; BrS: Brugada syndrome; VT: Ventricular tachycardia; VF: Ventricular fibrillation; NA: Not available.

![Electrocardiogram obtained from a 34-year-old Chinese man who survived cardiac arrest displaying characteristics of Brugada syndrome, early repolarization syndrome and idiopathic ventricular fibrillation.](CMJ-128-969-g002){#F2}

Since BrS was first described by Brugada *et al*. in 1992,\[[@ref15]\] it has aroused tremendous interest worldwide. The BrS is a clinical entity related to a high risk of VF in young adults with structurally normal hearts and affects as many as 1 in 2500 individuals.\[[@ref15][@ref33]\] BrS is characterized electrocardiographically by an accentuated J wave resembling incomplete or complete right branch bundle block (commonly called coved-type ST segment elevation) in the right precordial leads (V1--V3).\[[@ref15][@ref34]\] The ST segment elevation in BrS individuals is affected by heart rate and autonomic tone,\[[@ref29][@ref34]\] and its coved ST morphology is associated with a higher incidence of sudden cardiac death. BrS is an autosomal congenital disorder with variable transmission and is related to mutations in seven genes.\[[@ref35][@ref36][@ref37][@ref38][@ref39][@ref40][@ref41][@ref42]\] These genetic defects lead to dysfunction of cardiac channels like I~to~, L-type calcium current, and I~Na~. Around 60%--70% of BrS probands show genotype-negative.\[[@ref3]\] Individuals with BrS are typically males at the age of around mid-30 s with an increased risk of syncope and sudden death that is, often triggered by increased vagal tone. Similar patients have been reported in China.\[[@ref43]\] The male predominance in BrS is likely the consequence of a higher density of I~to~ in men probably due to a higher level of testosterone.\[[@ref44][@ref45]\] BrS is thought to be contributory to around 5% of all sudden deaths and up to 20% of sudden deaths in individuals with obvious structurally normal heart diseases. However, current therapeutic strategies for BrS are not adequate. Although quinidine, an I~to~ inhibitor, and implantable cardioverter defibrillator (ICD) are effective in treating patients with BrS, the side effects of quinidine and ICD in younger patients over a lifetime are the concerns.\[[@ref46][@ref47]\] Existing evidences from case reports point out that the catheter ablation may be an emerging therapeutic option for BrS by normalizing the Brugada ECG pattern and preventing ventricular tachycardia (VT)/VF, however, further population-based studies are needed to be in support of this option.

The ERS was first described as early take-off of the ST segment with up to 4 mm elevation and symmetrical high-amplitude T wave in 1961.\[[@ref48]\] The ER pattern was traditionally regarded as a "benign" ECG phenomenon, which is commonly found in young healthy men and athletes. However, some authors have shifted the definition of ERS from the traditional description of ST segment elevation to J wave (or J point elevation) only since 2008.\[[@ref18]\] This change in ERS definition has shifted away from a benign view of ER to the potential of fatal arrhythmias.\[[@ref18]\] An ERS pattern in the arterially-perfused wedge preparations is associated with phase 2 reentry capable of leading to polymorphic VT/VF.\[[@ref49]\] Clinical evidence in support of the basic research observation is the development of VF in individuals with distinct J wave and ST segment elevation in the inferior leads. The ERS in the inferior leads with a VF risk was first postulated to represent a variant of the BrS in 2000.\[[@ref17][@ref50]\] A relationship between VF and J wave with ER pattern was demonstrated in relatively large numbers of patients by Haissaguerre *et al*.\[[@ref18]\] and Nam *et al*.\[[@ref8]\]

In J wave syndromes, there are three inherited subtypes in terms of ER pattern plus BrS.\[[@ref3]\] Subtype 1 is related to ER pattern predominantly in the lateral precordial leads and this type, which is equivalent to traditional ERS, is very prevalent in healthy male athletes and rarely found in VF survivors. Subtype 2 shows an ER pattern mainly in the inferior or inferolateral leads, which is similar to previously called IVF in the setting of J wave in the inferior leads, and is related to a higher level of VF risk.\[[@ref17][@ref18]\] This subtype can be observed among healthy young males. Subtype 3 shows an ER pattern globally in the inferior, lateral and right precordial leads and is associated with the highest level of risk for the development of VF storms.\[[@ref8]\] In subtype 3, the Brugada waves may be seen together with giant J waves in other ECG leads. Although the Brugada waves are not called ER, their underlying mechanism is identical to that of the ER patterns.

C[URRENT]{.smallcaps} C[ONTROVERSIES IN]{.smallcaps} J W[AVE]{.smallcaps} S[YNDROMES]{.smallcaps} {#sec1-4}
=================================================================================================

One of the hot debates pertaining to J wave syndromes is whether J wave syndromes are repolarization or depolarization disorders.\[[@ref6][@ref51]\] Basic and clinical evidence indicates that J waves are repolarization rather than depolarization/conduction abnormalities. J waves as repolarization components are commonly seen in young males with structurally normal hearts. However, depolarization/conduction abnormalities are commonly found in aged individuals with obvious structural heart diseases. J waves display a frequency dependency property \[[Figure 3](#F3){ref-type="fig"}\], that is, that J waves demonstrate a characteristic pause-dependent accentuation.\[[@ref52][@ref53][@ref54]\] In addition, isoproterenol diminishes J waves and can prevent VF in subjects with J wave syndromes,\[[@ref52][@ref55][@ref56]\] which does not favor J wave syndromes as depolarization/conduction disorders. This is because that depolarization/conduction defects should become more prominent with tachycardia in the presence of isoproterenol and improve during bradycardia. The magnitude of J waves decreases during tachycardia because the I~to~-mediated AP notch decreases from inadequate time for the I~to~ to full recover.\[[@ref57]\] More solid evidence in support of J wave syndromes as repolarization abnormalities is the inhibitory effect of quinidine on both I~Na~ and I~to~. Quinidine diminishes J wave amplitude and the concealed phase 2 reentry by inhibiting I~to~ and suppressing so-called "late ventricular potentials" and VF in BrS and other J wave syndromes.\[[@ref56][@ref58][@ref59]\]

![Frequency-dependent changes in epicardial notch and J wave amplitude. (a) Simultaneously recorded transmural electrocardiogram (ECG) and transmembrane action potentials (APs) from a canine right ventricular wedge; (b) plot of epicardial AP notch and J wave amplitude across a range of S1-S2 intervals. Epicardial AP notch and J wave amplitudes changed in parallel to changes in S1-S2 intervals; (c) ECG lead V4-V5 recorded from a man with J wave syndromes; (d) a J-wave-like deflection at the terminal portion of the QRS in a patient with intraventricular conduction delay.](CMJ-128-969-g003){#F3}
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If the I~to~-mediated epicardial AP notch is deep enough, complete loss of epicardial AP dome may occur. During transition to complete loss of epicardial AP dome, a few of interesting electrical alterations occur: (1) The dome is markedly delayed immediately prior to its complete loss, resulting in paradoxical AP prolongation and so-called "downslope ST segment elevation," which in fact is a giant J wave, followed by a negative T wave on the ECG \[[Figure 4](#F4){ref-type="fig"}\]; (2) once the epicardial AP dome is completely lost, AP duration shortens by around 40%,\[[@ref58]\] causing a marked increase in transmural dispersion of repolarization; (3) complete loss of the dome is often heterogeneous across the epicardium: That is, complete loss of the dome with significantly AP shortening occurs in some areas, but the delayed AP dome remains in others.\[[@ref58][@ref60]\] Due to a marked difference in AP duration and the property of the delayed dome similar to early afterdepolarization,\[[@ref61]\] the dome may produce a new AP in the areas where complete loss of epicardial AP is present, leading to formation of short-coupled ectopic beats, which can be capable of originating polymorphic VT or VF. Because it is the propagation of the dome at AP phase 2, it is termed as phase 2 reentry, which has also been demonstrated in humans.\[[@ref62]\] Phase 2 reentry is the initiator for VF in all of the J wave syndromes regardless of the locations of J wave on the surface ECG \[[Figure 5](#F5){ref-type="fig"}\].

![Cellular basis for "downslope ST segment elevation." Transmembrane action potential (AP) recording in a canine ventricular wedge showing markedly deep and prolonged epicardial (Epi1 and Epi2) but not endocardial (Endo) AP notch reflected on a transmural electrocardiogram as a "downslope ST segment elevation" (arrow) followed by T inversion. The "downslope ST segment elevation" is, in fact, a giant J wave.](CMJ-128-969-g004){#F4}

![J wave and ventricular fibrillation (VF) via phase 2 reentry. (a) VF in a patient with J wave in lead II, note the larger amplitude of J wave in the beat preceding VF, following a longer R-R interval; (b) phase 2 reentry predisposing to VF in a canine right ventricular wedge preparation in the presence of the K^+^ channel opener pinacidil. Loss of action potential dome in Epi1 but not Epi2 caused propagation of the dome at Epi2 to Epi1, that is, phase 2 reentry (solid arrows), which manifested a short-coupled R-on-T beats (open arrows) capable of triggering VF.](CMJ-128-969-g005){#F5}
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J wave syndromes can be acquired, which share the similar properties with those of inherited J wave syndromes, including ECG features and the underlying mechanism for VF.\[[@ref3][@ref63]\]

Hypothermia-induce J wave is well-known, and the study that showed J wave accentuation prior to VF can be dated back to 1953.\[[@ref12]\] Hypothermia can produce distinct J waves, resulting in phase 2 reentry and VF.\[[@ref64]\] Note, hypothermia-induced J waves can be confined to some selected leads or manifest globally in all leads. [Figure 6](#F6){ref-type="fig"} shows the hypothermia-induced J wave. Under normal conditions, much of the J wave is buried inside the QRS complex. With hypothermia, the epicardial AP notch is evidently accentuated, and transmural conduction is slowed bringing about to a prominent J wave.\[[@ref6]\] It seems that there is no prominent gender-related discrepancy in manifestation of hypothermia-induced VF. This may be due to the powerful potential of hypothermia to significantly amplify the magnitude of J waves, which can then abate the basically gender-related diversity of J wave.

![(a) Hypothermia-induced J wave in humans. Appearance of prominent J (Osborn) wave on electrocardiogram of a 32-year-old female at 32°C (left panel) and abolishment of J wave by rewarming at 36.3°C (right panel); (b) hypothermia-induced J wave in animal experiments.](CMJ-128-969-g006){#F6}

Another more common type of acquired J wave syndromes is ischemia-induced J wave syndrome.\[[@ref19][@ref63][@ref65][@ref66]\] During early phase of acute MI in canine experiments, phase 2 reentry causes R-on-T ectopic beats capable of initiating VF.\[[@ref19]\] Intrinsically, much higher density of I~to~ in right compared to left ventricular epicardium may be responsible for an increased incidence of ischemia-induced VF. This is further supported by clinical observation of higher incidence of primary VF in individuals with acute inferior MI who have right ventricular involvement (8.4%) than those without (2.7%), or with an anterior MI (5.0%).\[[@ref67]\]

F[URTHER]{.smallcaps} D[IRECTION]{.smallcaps} {#sec1-7}
=============================================

Although a decade of progress in research has greatly enhanced our understanding of J wave syndromes, confusion in terminology and debates on the mechanisms and early diagnosis are still present. First, the terminology of I~to~-dependent ER should be standardized. Second, the mechanisms underlying ischemia-induced J wave should be better understood because sudden arrhythmic death is a major cause for mortality associated with acute coronary syndrome. Finally, established role of I~to~ in IVF may set us thinking about its potential in other causes of VF. An example is commotion cordis where patients develop VF after a sport-related mechanical impact on the chest, and some individuals seem to be more prone to it than others. Since most patients affected with this disorder are males and that the right ventricle-which lies anteriorly in the chest wall-is more directly affected by the impact, therefore, the effort to determine the potential of I~to~ is needed.
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